In 1998, the United States introduced mandatory fortification of enriched cereal-grain products with folic acid to reduce the incidence of neural tube defects. As a consequence, substantial amounts of folic acid, the synthetic form of folate, were added to the American diet, and the ability to assess folic acid intake took on greater importance. The purpose of the current study was to separate and quantify folic acid and 5-methyltetrahydrofolate, the most prominent naturally occurring folate in fortified foods, with a reliable and robust method. Folates were heat-extracted from food samples. A trienzyme treatment (a-amylase, rat plasma conjugase, and protease) was applied to the extracts followed by purification by affinity chromatography. Folic acid and 5-methyltetrahydrofolate were separated and quantified by reversed-phase HPLC with fluorescence and UV detection. A gradient elution with phosphate buffer and acetonitrile was used to separate the different forms of folates. The method gave a linear response in a range of 0.1-3 mmol/L and 0.0125-0.25 mmol/L for folic acid and 5-methyltetrahydrofolate, respectively. These ranges were similar to the expected levels in the samples. The CV of the peak areas of folic acid and 5-methyltetrahydrofolate for 5 commercial wheat flour samples extracted and run separately on the same day was 2.0 and 5.7% and, run over 5 consecutive days, was 7.2 and 7.3%, respectively. Total folate values in 45 samples of fortified food measured by HPLC and by the traditional microbiological assay demonstrated a high correlation (r 2 ¼ 0.986).
Introduction
In 1996, the United States Food and Drug Administration (FDA) issued a regulation, effective January 1998, to fortify all enriched cereal-grain products (flour, rice, breads, rolls, buns, pasta, corn grits, corn meal, farina, macaroni, noodle products, etc.) with folic acid (1) . The primary reason for this policy was the recognition that periconceptional folate supplementation significantly reduced the incidence of neural tube defects (2, 3) . A secondary benefit of fortifying foods with folic acid might be a reduction in the incidence of cardiovascular disease (4) and certain types of cancer (5) .
The amount of folic acid added to different products ranges from 95 to 309 mg/100 g of product. This range of fortification was selected on the basis of a target level of 140 mg of folic acid/ 100 g of the cereal-grain product. Initial estimates by the FDA anticipated an increase in folate intake of between 70 and 130 mg/d in adults depending on age and consumption patterns (6) . This projection assumed that each enriched cereal-grain product contained the amount of folic acid required by the applicable regulation.
However, actual measurements of total folate content in enriched cereal-grain products previously showed that a considerable proportion of these products contained total folate levels that were higher than the amounts required by regulations. These results could have resulted in part from the addition of excess folic acid to fortified foods to ensure that the product contains at least the minimum amount required by regulation throughout the shelf-life of the product. Another possible explanation for these higher values is the use of improved assay methods, which measure endogenous folate at levels considerably higher than those using older methods (7) .
With so much more folic acid in the American diet and the uncertainty regarding the amount of natural folate and added folic acid in enriched cereal-grain products, along with the need to explicitly establish the amount of folic acid in these foods to estimate folate intake as Dietary Folate Equivalents (8) , it was deemed essential to develop a reliable analytical method to distinguish between folic acid and endogenous folates in enriched cereal-grain products.
Several chromatographic methods have been used for separation and measurement of folates in food (9) . These procedures use different types of clean-up of folates like ion-exchange or affinity columns, different kinds of HPLC techniques, such as ion-pair or reversed-phase, and the most common detection systems used were UV, fluorescence, and electrochemical detection.
In this article we describe a method for the quantitative estimate of folic acid and 5-methyltetrahydrofolate (the most abundant form of naturally occurring folate in foods) that combines several procedures, including a modified trienzyme extraction, affinity chromatography, and reversed-phase HPLC with UV and fluorescence detection.
Materials and Methods
Standards. Folic acid and 5-methyltetrahydrofolate were obtained from Sigma Chemical. Standard stock solutions were prepared by dissolving folic acid and 5-methyltetrahydrofolate separately in 0.01 mol/L NaOH to a concentration of 20 mmol/L. Concentrations were determined in pH 7.0 buffered solutions, using UV absorption at 280 nm for folic acid and a molar extension coefficient of 27,600 L Á mol 21 Á cm 21 and at 290 nm for 5-methyltetrahydrofolate and a molar extension coefficient of 32,000 L Á mol 21 Á cm 21 (10) . Following spectral determinations, the standard stock solutions were stored in small aliquots in 1% sodium ascorbate at 220°C. These standards were further purified by affinity column chromatography before use (see below).
Samples. Samples of enriched cereal-grain products and other products fortified with folic acid were obtained from the National Food and Nutrient Analysis Program (NFNAP), an interagency agreement between the NIH and the USDA (11). Samples of one or more brand-name products were collected from retail outlets in 12 cities in the U.S. and shipped to the Food Analysis Laboratory Control Center at Virginia Polytechnic Institute and State University in Blacksburg, Virginia, for preparation and processing. For the present study, samples were collected between April 1999 and November 2003. In most cases, national composites were prepared by brand. For a few items, regional composites were prepared, although not all of the regional composites were analyzed in this study. Aliquots of the composite homogenized samples were delivered, ground and frozen, in tightly sealed glass jars with Teflon-lined lids and were stored in the same conditions.
Commercial wheat flour used to determine recovery and precision was purchased from a local supermarket. The amount of folate declared in the label was expressed as percentage of daily value (% DV) per serving of the food, which is 400 mg for folate. This flour had the 10% DV of folate per serving (30 g); therefore, based on the label's claim, the calculated folate content was 133mg/100 g of product.
Enzymes. Rat plasma was obtained from Charles River Laboratories and was used as a source of folate conjugase (12) . Endogenous folate in rat plasma was removed by mixing the fresh rat plasma (200 mL) with 10 g of AG 1 3 8 Resin 100-200 mesh chloride form (Bio-Rad) overnight at 4°C. Then, the suspension was centrifuged for 15 min at 3500 xg at 4°C. The supernatant fraction was collected and filtered. Aliquots of filtrate were stored at 220°C until used. a-Amylase from Bacillus sp (Sigma) was dissolved in water at a final concentration of 20 mg protein/mL. Protease (Sigma) was dissolved in water at a final concentration of 2 mg protein/mL.
Extraction of folates from fortified food. Samples were thawed and were suspended (1 g/10 mL final volume) in a 0.026 mol/L Tris-HCl extraction buffer (pH 7.4) containing 1% (w:v) sodium ascorbate and 0.02 mCi/L [ 3 H] folic acid tracer (specific activity: 69 Ci/mmol; Movareck Biochemicals). The samples were capped and heated in an autoclave for 15 min at 120°C (1.034 bar), cooled in an ice bath, then homogenized with a polytron homogenizer for 30 s at medium setting (Brinkmann Instruments).
The homogenates were subjected to a modification of the trienzyme treatment method of Martin et al. (13) . The homogenates were incubated for 4 h at 37°C with 1.25 mL of a-amylase solution and 0.2 mL of rat plasma folate conjugase. Subsequently, the samples were treated with 1 mL protease for an additional 1 h at 37°C, then heated for 5 min in a boiling water bath, cooled in ice, and centrifuged for 20 min at 36,000 3 g and 4°C. The supernatants were filtered through a microfilter (Millex-AA, 0.8 mm, Millipore) and radioactivity in an aliquot of the sample was measured. If analysis was within 12 h, the filtrates were stored at 4°C until folate analysis. For longer storage, the folate extracts were stored at 220°C until analysis.
Folates purification by affinity column. Sample extracts were applied onto a 0.6 mL (bed volume) folate binding protein (FBP)-Affigel 10 (BioRad Laboratories) affinity columns as previously described (14) . The columns were washed sequentially with 5 mL of 1 mol/L potassium phosphate buffer (pH 7.0), 5 mL of water, and 3 mL of water. Bound folates were eluted from the columns with 2.5 mL of 20 mmol/L trifluoracetic containing 10 mmol/L dithioerythritol. The acid eluate was promptly neutralized with 40 mL of 1 mol/L piperazine, and a 50 mL aliquot was used for tritium counting to assess folate recovery. The FBPaffinity columns had a binding capacity .4 mg of folate. Recovery should be at least 78% (15) (if ,78%, too much extract was applied to the column and the procedure was repeated with a lower amount of starting material). A second aliquot (1.8 mL) was injected into the HPLC column for folate analysis.
HPLC measurement of folic acid and 5-methyltetrahydrofolate. A reversed-phase gradient HPLC method was performed as a modification of the procedure recently described (16) . The folates were separated on an ODS-Hypersil (5 mm, 4.6 3 250 mm i.d.) analytical column (Keystone Scientific). A flow rate of 1 mL/min was used. The mobile phase program consisted of 3 min with 100% A (28 mmol/L dibasic potassium phosphate and 60 mmol/L phosphoric acid in water) followed by a linear gradient of 10 min to 70% A:30% B (28 mmol/L dibasic potassium phosphate and 60 mmol/L phosphoric acid in 200 mL/L acetonitrile and 800 mL/L water). A second linear gradient from 70% A:30% B to 45% A:55% B was then run over the next 17 min, followed by a third linear gradient to 43% A:57% B over the next 15 min. At 45 min, the column was equilibrated for 5 min in the initial conditions and another sample analysis could be initiated immediately.
The absorbance of folic acid was monitored with a diode array detector set at 280 nm, and of 5-methyltetrahydrofolate with a fluorescence detector set at 295 nm excitation and 360 nm emission wavelengths. Peak identification was based on a combination of the retention time and the spectral characteristics.
Quantification. Quantification was based on an external standard method in which peak areas for both UV (folic acid) and fluorescence (5-methyltetrahydrofolate) were plotted against concentration. Calibration plots using linear regression analysis were prepared for 5-methyltetrahydrofolate and for folic acid. The standard solutions were purified through FBP-Affigel 10 affinity columns, and the calibration curves were prepared from those using similar standard levels as expected in the samples. Both standards and samples were adjusted for tritium folic acid recovery.
Microbial assay of total folate. Aliquots of supernatant fractions from extracted food products were also used to measure the total folate contents using a Lactobacillus casei microbial assay using multiple dilutions as described by Horne and Patterson (17) with modifications by Tamura et al. (18) . The CV for this assay is 13%.
Results
Representative chromatograms of 5-methyltetrahydrofolate and folic acid standards are shown in Figure 1 using UV absorption at 280 nm for folic acid determination and fluorescence spectroscopy for the determination of 5-methyltetrahydrofolate. This different modality of spectroscopic detection stems from the high levels of folic acid in fortified foods that allow UV detection. Detection of endogenous folate in these foods, however, was not possible under these conditions. According to Pfeiffer et al. (19) , endogenous folate content in cereal products amounts to ;0.028 mg/100 g. This value is ;1/5000 of the amount of folic acid in enriched cereal. Because of the limited capacity of the affinity column, the amount of endogenous folate in the purified sample was not sufficient for UV detection. Therefore, we used fluorescence detection, which is more sensitive for measuring 5-methyltetrahydrofolate content. This is the only folate species that can be detected under these conditions. 5-Methyltetrahydrofolate content in grain products ranges from 11 to 35% of total endogenous folate (19) .
Calibration curves show a linear response (y ¼ 820. Net recovery values, using the extraction procedure for commercial wheat flour, spiked with 40 mg/g of folic acid and 0.4 mg/g of 5-methyltetrahydrofolate, were 88.8 6 11.1% and 82.4 6 4.3%, (mean of 3 determinations 6 SD), respectively. Intra-and interassay precision was determined using commercial wheat flour. Intra-assay precision was expressed as the CV of the peak areas of folic acid and 5-methyltetrahydrofolate for 5 flour samples extracted and run separately on the same day. Interassay precision was determined in the same manner as intra-assay precision but the samples of flour were extracted and analyzed over 5 consecutive days. The mean values and CVs for both forms of folate are presented in Table 1 .
The total folate content of 45 samples of enriched cerealgrain products and other products fortified with folic acid of the NFNAP was assessed by both the affinity/HPLC method and by the L. casei microbial assay ( Table 2 ). The correlation between the HPLC and the microbial assay was quite good (r 2 ¼ 0.986, Fig. 2 ), indicating that one can closely predict the results of one assay with the other. However, the absolute values for the 2 methods do not agree. The HPLC assay values were, on average, 17% higher across the range of total folate values from different foods. Table 2 also displays the folic acid values reported in the USDA National Nutrient Database for Standard Reference 18 (20) . For most foods, the reported and measured values were comparable. The notable exceptions to this were rice, corn meal, and corn taco shells, for which the measured values were substantially less than those from the USDA nutrient database.
Discussion
The mandatory fortification of enriched cereal-grain products with folic acid in 1998 has made folic acid an important source of folate for all segments of the U.S. population and amplified our need to determine the amount of folic acid in the American diet. Direct estimates of folic acid are critical, as previous estimates of folic acid, based on the assumption that enriched cereal-grain products contained the amount of folic acid required by the FDA regulation, appeared to underestimate folic acid intake (21) (22) (23) (24) (25) . They are also critical for estimating total folate intake as Dietary Folate Equivalents (8) . Postfortification measures of folate content for a large number of foods by Rader et al. (7) proved useful, particularly in highlighting the problem of higher-than-anticipated folic acid in the diet (26) , but were nevertheless limited. These measures were based on the microbial assay for total folate determination, but could not distinguish folic acid from endogenous folate.
Our study describes the use of the affinity/HPLC method for quantitative estimation of folic acid in fortified foods. The method was originally adapted for the quantitative estimation of individual folate forms in both tissue and food products. The advantage of this method is that it is highly specific, and any peak activity emerging from the analytical column, irrespective of whether it is determined by UV absorption, fluorimetry, or electrochemical activity, represents folate activity (14, 16) . The method is relatively simple and 8-10 samples can be analyzed per day in triplicates.
In this study we also determined the amount of endogenous 5-methyltetradyrofolate, which comprises the major form of naturally occurring folate in many foods (27, 28) . This determination was facilitated because of the fluorescence properties of 5-methyltetrahydrofolate, which allow detection of small quantities of folate. Our data show that the integration of the folic acid and 5-methyltetrahydrofolate values, based on the HPLC method, is highly predictive of the total folate in fortified foods measured by the microbiological assay as denoted by the very high correlation between these 2 methods. Although the values from the HPLC were, on average, 17% higher than those derived from the traditional microbiological assay, the difference was constant across the range of folate values, thus allowing for good prediction. The higher values obtained by the HPLC method is probably a consequence of a small loss of folate in the microbiological assay during the required 24-h incubation period. The high correlation between the microbial assay and the affinity/ HPLC method, combined with the higher observed values for the latter method, suggest that the nonmethylated folates contributed little to the variability of total folate values in these fortified foods. The high amount of folic acid in many fortified foods renders the contribution of the nonmethylated endogenous folate in fortified foods practically negligible. Before fortification, these folates contributed significantly to the overall amount of total folate as indicated when compared with microbial assay values vs. those obtained with the affinity/HPLC method (19) . It is difficult to compare the measured amounts of folic acid for foods included in Table 2 with the amount required by regulation because most of the products are mixed products in which flour or bread is one of the ingredients. In addition, not all products in Table 2 , such as breakfast cereals and instant oatmeal, fall under the regulation for enriched cereal-grain products. However, we did include some of the foods for which the regulation states, in the standard of identity, the amount of folic acid that the food should contain. The regulation requires that bread, rolls, and buns contain 94.8 mg folic acid/100 g whereas our data on folic acid content in fresh English muffins and bagels was between 22.9 and 84.6 mg of folic acid/100 g. The regulation requires that macaroni and noodle products contain between 198.4 and 264.6 mg folic acid/100 g, whereas our data on folic acid content in raw spaghetti was 195.1 mg of folic acid/100 g. The regulation requires that rice contains between 154.3 and 308.6 mg folic acid/ 100 g, but our data on folic acid content in raw rice was only 66.5 mg of folic acid/100 g. The regulation requires that corn meal contains between 154.3 and 220.5 mg folic acid/100 g product, but our data on folic acid content in corn meal was only 85.5 mg of folic acid/100 g product. Based on the HPLC method, the measured amount of folic acid in fortified foods tended to be lower than the amount required by regulation. We did not observe the folic acid overages reported in the past (7) . We can only speculate on the basis for this difference with earlier findings. Although different methodologies may account for assessing varying amounts of total folate in these products, it is also possible that food manufacturers over time have modified the amount of folic acid added to fortified foods. The samples in which Rader et al. (7) demonstrated overages for many fortified products were purchased between February 1998 and April 1999, shortly after the implementation of folic acid fortification. The availability of the affinity/HPLC method in conjunction with the NFNAP food samples has allowed for the determination of the actual folic acid content of many enriched cereal grain and ready-to-eat cereal products and for the initial development of a database for directly measured folic acid. This database is essential for estimating the dietary intake of folic acid and for determining total folate intake as Dietary Folate Equivalents.
